We describe a photochemical procedure for the sterilization of polynucleotides that are created by the Polymerase Chain Reaction (PCR). The procedure is based upon the blockage of Taq DNA polymerase when it encounters a photochemically modified base in a polynucleotide strand. We have discovered reagents that can be added to a PCR reaction mixture prior to amplification and tolerate the thermal cycles of PCR, are photoactivated after amplification, and damage a PCR strand in a manner that, should the damaged strand be carried over into a new reaction vessel, prevent it from functioning as a template for the PCR. These reagents, which are isopsoralen derivatives that form cyclobutane adducts with pyrimidine bases, are shown to stop Taq polymerase under conditions appropriate for the PCR process. We show that effective sterilization of PCR products requires the use of these reagents at concentrations that are tailored to the length and sequence of the PCR product and the level of amplification of the PCR protocol.
INTRODUCTION
Nucleic acid probe technology has been an essential tool for molecular biology since its inception 30 years ago. During the last decade, quantum developments in this field resulted from the introduction of automated DNA synthesizers. Short, synthetic oligonucleotides provided new tools for the advancement of cloning techniques, the creation of allele-specific hybridization protocols and, most importantly, template-dependent polymerase extension reactions were developed into nucleic acid amplification protocols by using the oligonucleotides as specific primers (1) (2) (3) (4) . The first of these procedures, the Polymerase Chain Reaction (PCR) (5, 6) , is now an established technique worldwide. One hundred to several thousand bases of a few molecules from a single target sequence in the presence of complex genomic nucleic acid sequences are routinely amplified to as many as [1012] [1013] molecules in just a few hours. This technique has revolutionized the way molecular biologists conduct experiments, and has found application in a variety of different fields.
Contamination by 'Amplicon' Carry-Over The widespread use of the PCR has come about because of its exquisite specificity and sensitivity. These features, however, have one drawback: the synthesis of specific PCR products that arise through the amplification of previously amplified sequences ('amplicons') which are inadvertently carried over into a subsequent PCR reaction (7) (8) (9) . These carryover amplicons can contaminate reagents or sample specimens, causing systematic errors. Alternatively, individual reaction vessels can be contaminated during the preparative procedures and result in sporadic false positive PCR signals. The carryover problem is most acute in environments where the same amplification is run time and time again (e.g. a clinical diagnostic lab). Extreme care is essential when handling amplified samples so that carryover is minimized. The recommended sample handling conditions are similar to those used by microbiologists for the handling and growth of microorganisms (10, 11) . In fact, the problem is numerically analogous since similar amplifications occur when bacteria or viruses are grown in large volumes. Biological organisms are, however, effectively sterilized by numerous techniques that either thermally or chemically denature macromolecules. Simple denaturation is not adequate for sterilization of PCR products since a single strand of a nucleic acid is readily amplified and is also chemically resistant to the temperatures encountered in laboratory sterilizers. Effective sterilization of amplicons requires chemical, photochemical or enzymatic modification of the amplicons that prevent them from acting as templates for polymerase extension reactions.
General Considerations for the Sterilization of Amplicons Created by the PCR Procedure
From a temporal point of view, there are two places in a PCRbased diagnostic assay where sterilization can be implemented. When performed just before amplification ('pre-PCR Sterilization'), carryover molecules present in the reaction mix will be rendered sterilized. When performed after amplification ('post-PCR Sterilization'), all nucleic acids, including PCR products, will be sterilized. These two sterilization modes are distinguishable in that they impose specific and different requirements upon the nature of a chemical modification process and upon the reagents present during the modification prcre.
With the pre-PCR sterilization mode, PCR r sUscptible to the chemical modification process must be left out and added back to the reaction mix before amplification can take plce. These reagents most likely include Taq polymerase, the true target nucleic acid, and the primer oligonucleotides. Sporadic PCR errors due to amplicon carryover sfill exist with this mode since carryover molecules can be introduced during the addition ofthe other reaction components. Recently, a direct, shortwave UV irradiation procedure has been described as a pre-amplification sterilization process (12) . This technique can sterilize some PCR reagents, but the process is inadequate for the entire complexity of carryover problems (13) . An enzymatic approach that distinguishes amplicon from true target and primer oligonucleotides would be advantageous as a pre-PCR ilization technique if the enzyme is also compatible with the PCR.
With post-PCR sterilization, all of the PCR reagents can be present since polymerase activity, primer integrity, and true target integrity are not of concern following amplification. Sterilization in this mode can potentially obviate both the systerdlatic and sporadic errors associated with the carryover problem if all of the amplicons are sterilized before the raction tube is opened and exposed to the environment. With this mode, however, the chemically modified PCR strands must sfill be detectable. This usually implies that either a) the modified PCR amplicons be capable of specific and efficient hybridization to an oligonucleotide probe which is complementary to an internal sequence within one of the PCR strands, or b) that the modified amplicons be detectable as an oligomucleotide product of a specific length when analyzed by gel electrophoresis.
A post-PCR sterilization process that employs a phoochemical reagent should have additional properties to be used convenientdy with the PCR process. First, the non-activated reagent must not interfere with primer annealing or Taq polymerse acivity, and must be thermally stable to the temperatures enountered with the PCR technique. This permits the reagent to be added prior to amplification. Second, the ideal reagent would be activated by wavelengths between 300 and 400 nm since the polypropylene tubes used for PCR reactions are transmissible to these wavelengths, direct UV damage to the amplicons is minimized, and PCR samples can be handled on the bench with normal fluorescent or incandescent lighting. Finally, the oochemical modification of the amplicons must prevent the modified amplicon from acting as a template for the PCR. This last criteria assumes that an amplicon with a single modification is prohibited from acting as a PCR template molecule. Even with this assumption, the effectiveness of any nucleic acid sterilization process will also be dictated by the magnitude of the carryover problem, the extent of the amplification, and the average degree of modification of the amplicons. The population of carryover amplicons must be modified to a sufficient average extent per molcle so that statistically there is a small likelihood tat some molecules are without any modifications, and therefore non-sterilized. Some of these non-sterilized carryover molecules, however, can be tolerated if their total number is less thn the minimum detection limit of the PCR procedure. 
V
:+""","","",","""""""""""""""", Each block in this table contains three sets of data: (1) The total number of PCR product molecules present after the initial number of target strands are amplified for the number of cycles shown. These numbers of amplicons were calculated using an amplification factor of (1.85)f. We have experimentally confirmed the value of this factor for the 1 l5mer amplicon generated with the primers SK38 and SK39. (2) The concentration of PCR product when the amplification takes place in a 100 il volume. The gray area indicates conditions that give rise to PCR products that are in excess of M. In these regions, the PCR plateau effect will be acting on PCR product synthesis. And (3), a hybridization signal that is used to detect the presence of PCR product. This signal is calculated on the basis of having a 10% hybridization efficiency of a 32p labelled probe (3000 Ci/mM) to a 20 I1 aliquot of the 100 pa PCR reaction mix.
(2.1 x 105 CPM/yg) at the concentrations described in the text were mixed with 100 ,ug of calf thymus DNA (Sigma Chemical Co.) in 200 Al of 1 x TE buffer, pH=7.0. 30 td aliquots of these samples were irradiated at room temperature with the HRI-100 device for the time periods indicated. Photobinding levels were determined as described in the accompanying manuscript (14) .
Photoaddition to Synthetic 115mer. Photobinding of 3H-4'-AMDMIP to the double stranded 115-mer (HRI-46/HRI-47) was determined as described in the accompanying manuscript (14) .
Sterilization Assays 115mer Sterilization. 1 Ag of genomic DNA from an HIV-1 positive patient was sufficiently amplified with primers SK38/SK39 to produce a plateau PCR reaction. Identical aliquots of this PCR mixture containing approximately 106 copies of the 1 i5mer amplicon in 0.5 ml Eppendorf tubes were adjusted to 100 /.g/ml 4 Preparation of 71mers which contain site-specific monoadducts involved 1) preparation of different l5mer monoadducted oligonucleotides from the same unmodified l5mer and 2) ligation of the different i5mer monoadducted oligonucleotides to the same 56mer extender oligonucleotide using a 25mer oligonucleotide as a splint. Isopsoralen monoadducted i5mers (1Smer-MA's) were made fiom reaction mixtues contining 100 yg ofthe l5mer (5'-ATC CTG GGA TTA AAT-3') and 65 isg of a complementary lOmer (5'-ATT TAA TCC C-3') in 185 yd of TE buffer (10 mM Tris, pH= 7.5, 1.0 mM EDTA) and 0.1 M NaCl. An isopsoralen derivative (either 4'-AMDMIP, AMIP, or 3H-5-MIP) was added to separate reaction mixtures in Eppendorf tubes at 20-30 itg/ml. These 3 solutions were irradiated with the PTI device for 15 minutes at 150C. The mixtures were then extracted with CHCl3 (4 X) and the oligonucleotides were recovered by ethanol precipitation (2 X). Unmodified l5mer was separated from 15mer-MA's by fractionation on HPLC (C18 reverse phase) using a 0. IM NH4OAc/Acetonitrile gradient. Fractions containing 15mer-MA's were identified by 5' end labelling aliquots of the HPLC fractions and analyzing these 32p labelled oligonuCleotides by autoradiography after separation on a sequencing gel. Fractions with l5mer isopsoralen monoadducts were further purified by ethanol precipitation. 71mer-MA's were constnruted with a (19) (20) (21) (22) . This may be due to the fact that, although psoralen crosslinks induce a deformation of a DNA helix at the adduct site (23) , psoralen monoadducts do not produce similar alterations of DNA helices (24) . Thermodynamic studies agree with the structural studies and show that the presence of a psoralen monoadduct on an oligonucleotide does not substantially effect the hybridization stability of the oligonucleotide (25) . Isopsoralens (angular furocoumarins) have been presumed to be similar to psoralens in their reactivity with nucleic acids except that they form only monoadducts because of the relative orientation of the reactive bonds of these molecules. Oligonucleotides modified by some isopsoralen derivatives are known to retain hybridization capabilities (26) .
We have evaluated derivatives of both psoralens and isopsoralens as photochemical reagents in a post amplification mode for PCR sterilization. While derivatives of both classes of compounds are capable of sterilizing PCR amplicons, the isopsoralen modified PCR product oligonucleotides can be probed by hybridization and are therefore favored. Modification requirements for effective sterilization of PCR products with isopsoralens are described below. Similar requirements apply to psoralen sterilization. 4 '-AMDMIP (27) was evaluated for its ability to act as a photochemical sterilization agent for PCR amplicons. The sterilization protocol is outlined in Figure la . An 11) . This data illustrates the interplay between sterilization sensitivity and the amplification factor. At 20 cycles of PCR amplification, sterilization appears to be completely effective. If 100 CPM is taken to be the threshold for seeing a band on the autoradiograph, then Table 1 shows that the sterilization protocol of this example with 4'-AMDMIP left less than I04 amplicons that were capable of being replicated by the PCR procedure. At 25 cycles of PCR, a very measurable band is observed, suggesting that at least 103 amplicons retained replicating capabilities. At 30 cycles of PCR it is difficult to distinguish the control signal from the signal obtained with the sterilized sample. This is consistent with both the control sample and the 4'-AMDMIP treated sample reaching the plateau region of the PCR amplification process.
There are at least two factors that would make the sterilization protocol just described inadequate for treating the 106 copies of carryover amplicons. First, the sterilization process will be incomplete if Taq polymerase is capable of polymerizing through an isopsoralen adduct on an amplicon. To evaluate the extent that Taq polymerase reads through isopsoralen monoadducts, we constructed three modified oligonucleotides, each of which contained a different isopsoralen at specific positions near the 5' ends of the oligonucleotides. These oligonucleotides were then hybridized to a labelled primer (SK39 in Figure 2a ). This primer was extended with Taq polymerase and the length of the polymerase products were determined. The isopsoralen modified oligonucleotide templates were constructed by assuming that isopsoralens, like psoralens, would have as a preferentially reactive site a 5' TpA-3' sequence in duplex DNA (28, 29) . We began with two short complementary oligonucleotides that contain a single TpA site within their complementary sequence region. These oligonucleotides were reacted with either 5-MIP, 4'-AMDMIP or AMIP under conditions where the two oligonucleotides would be hybridized. 15mer monoadducted oligonucleotides were purified from non-modified oligonucleotides and then ligated at their 3' ends to another oligonucleotide to generate the monoadducted template oligonucleotides (71mer-MA's).
Extension products generated with the 71mer templates are shown in Figure 2b observed with this isopsoralen and the predominant stop was a position entirely different from that produced with the 5-MIP containing template molecule. The 71mer-MA target containing AMIP monoadducts produced 3 truncated products upon extension with Taq polymerase. Again, the 10 cycle extension product produce some full length product. These extension experiments show that all 3 isopsoralen adducts are effective blocks for Taq polymerase. While some full length product did occur with each of the isopsoralen template molecules, our data is insufficient to conclude that true readthrough exists. We have quantitated the readthrough with another set of experiments using a 5-MIP modified template. For these experiments, the HPLC purified l5mer-MA oligonucleotide was further purified by PAGE prior to the ligation reaction to form the 71mer-MA. With this template molecule, the full length extension product accumulates at 0.2 % per cycle relative to the truncated product band. This data implies that our 71mer-MA was either 99.8% pure or that readthrough occurs at a 0.2% rate. This issue is not resolved at present because we cannot determine that the initial 1Smer-MA was greater than 99.8% pure.
The extension experiments also suggest that the three different isopsoralens have different preferential binding sites on DNA molecules. The stop with the 5-MIP template appears to be at about the position of the TpA sequence in the l5mer that was used to create the monoadduct. The longest extension products with the AMIP and ADMIP templates indicate that these isopsoralens probably reacted with the initial iSmer outside the region of the lOmer/1Smer hybrid interaction. The sequence of the l5mer does not indicate any obvious secondary structure in this oligonucleotide, suggesting that the two positively charged photochemical reagents, 4'-AMDMIP and AMIP, may be interacting with single-stranded regions of DNA. This is a desirable feature for a PCR sterilization reagent and has been confirmed elsewhere (14) .
The extension experiments performed with 4'-AMDMIP monoadducted template molecules show that it is unlikely that the data of Figure lb arose from bypass synthesis by Taq polymerase during reamplification. Furthermore, while 5-MIP adducts are effective stops for Taq polymerase, this compound is inadequate as a photochemical sterilization reagent (see below; data not shown). A more plausible explanation for the inadequate sterilization is that the protocol used to generate the data in Figure  lb provided incomplete modification: some of the amplicon molecules were not modified and therefore, not sterilized.
Photochemical sterilization with isopsoralens is fundamentally a statistical process. This process is characterized by measuring the average number (a) of adducts per amplicon strand. If the addition reaction is governed by Poisson statistics, the fraction of molecules with no modifications in a large population of amplicons that have an average of a modifications is given by fa(0) = e-a. As in the example of Figure 1 , if the carryover event consists of 106 amplicons, 2.5 x 103 non-sterilized template molecules will be present when the modification protocol generates an average of only 6 effective adducts per strand of PCR amplicon. Effective adducts are defined as adducts which occur in the segment of a target molecule bounded by the primer sequences. For the 1iSmer of Figure 1 , this level of effective adducts occurs when there is an average strand modification density of 1 adduct per 9.3 bases. The data of Figure lb can be explained if the sterilization protocol yielded a similar modification density. We have measured the binding of tritiated 4'-AMDMIP to synthetic strands of the 1l5mer amplicon product. Under identical irradiation conditions (with the PTI device) as those for the sterilization experiment, a modification density of 1 adduct per 8.4 bases was measured. This data is consistent with sterilization efficiency being determined by the statistical nature of the photochemical modification procedure.
Optimization of Nucleic Acid Sterilization with Isopsoralens
Isopsoralens undergo photochemical degradation concomitant with photochemical addition to polynucleotides. The ratio of degradation to binding is a function of the isopsoralen derivative and the irradiation wavelengths. These competing reactions result in a plateau level of addition of these compounds to nucleic acids that is dependent on the initial concentration of the photochemical reagent during the activation process and on the wavelengths used to excite the molecules. When the synthetic 1 l5mer was irradiated for 15 minutes from a UV source that enhanced binding (HRI-100), a modification density of 1 adduct per 5 bases was obtained with 4'-AMDMIP at 100 ug/ml. This high level of modification is unique to this short amplicon which contains 70% AT in the sequence region bounded by the primers. Amplicons of this short length display sequence dependent modification densities. Figure 3 illustrates the modification densities that are achieved with 4'-AMDMIP when it is reacted with long, complex genomic DNA. Modification densities ranging from 1 adduct per 100 bases (at 9.6 pg/ml 4'-AMDMIP) to 1 adduct per 1 1 bases (at 359 jg/ml) can easily be attained. This data indicates the range that can be achieved when 4'-AMDMIP is reacted with complex DNA and shows that the modification density can be controlled by the concentration of this photoreagent. At approximately 100 pAg/ml of 4'-AMDMIP, a modification density of 1 adduct per 15 bases was observed. With AMIP at a similar concentration, a modification density of 1 adduct per 33 bases was obtained.
With 5-MIP, which has a solubility limit of 10 ytg/ml, the highest modification density observed was 1 adduct per 88 bases. Although 5-MIP adducts are effective stops for Taq polymerase, this compound is inadequate as a sterilization reagent because its solubility limit prevents high modification densities.
The important parameter to optimize sterilization is the average number of adducts per amplicon strand. A robust post-PCR sterilization protocol would ensure that a major spill of a PCR reaction mixture would not lead to a carryover problem. To ensure that all the strands in a plateau PCR reaction mix (approx. Table I. 4'-AMDMIP, PCR amplification of the 1l5mer, especially at low copy number, begins to be inhibited (14) . We We have experimentally evaluated the length dependency for 4'-AMDMIP sterilization of PCR amplicons. Figure 4 compares the sterilization level of the 1 i5mer amplicon to the sterilization level of a longer 500mer amplicon. The 1 i5mer reamplification series demonstrates that some, but not all, of the amplicons were rendered incapable of acting as carryover templates. By contrast, reamplification of the irradiated 500mer series did not result in any detectable PCR product for the highest copy number examined (6 x 108 copies). This experiment used a relatively low, non-optimal concentration of 4'-AMDMIP to illustrate the length dependence phenomena. However, as described in the accompanying manuscript, the use of optimal concentrations of 4'-AMDMIP provides highly effective sterilization of the 115-mer amplicon.
SUMMARY
Several monoadducts of isopsoralen derivatives were shown to stop polymerization reactions with Taq DNA polymerase. The use of isopsoralens as photochemical post-PCR sterilization reagents requires that the statistical nature of the modification process be matched with the level of amplification and the length and sequence of the amplicon. We have shown that effective sterilization is an operationally defined term. It implies that carryover cannot be detected under a precisely defined set of amplification and detection conditions. For optimum results it is therefore necessary to design and evaluate a post-PCR sterilization protocol for each amplicon system.
The design procedure should begin with an assessment of the tolerable level of carryover so that the length and sequence of an amplicon can be matched with a practical level of isopsoralen concentration. Figure 5 correlates different volumes of PCR carryover with the number of effective adducts necessary to be statistically confident that the carryover event does not contain a non-sterilized amplicon. 15 average adducts per PCR strand are sufficient to deal with carryover originating from 10-4 U1 or less. If the carryover event results from larger volumes, more effective adducts per PCR strand are necessary. A practical sterilization procedure should be effective at least to a level equal to the routine contamination. In our experience, the magnitude of the carryover problem is much less than 107 molecules per event (typically 10 to 104 molecules). An additional consideration is a second type of false positive PCR signal which exists when carryover exceeds 107 amplicons. These amplicons are detected directly by hybridization to a 32p probe. Therefore, while it is desirable to design a sterilization protocol capable of sterilizing all amplicons in a PCR reaction tube, it is not necessary to achieve levels of sterilization that exceed direct detection of the carryover molecules themselves.
The above considerations will determine a range of isopsoralen concentrations that need to be appraised for their sterilization ability and for their effect on detection sensitivity. PCR amplification efficiency and, where appropriate, hybridization efficiency contribute to detection sensitivity. Amplification efficiency in the presence of isopsoralen should be evaluated under conditions that are far away from PCR plateau so that inhibitory effects can be seen. Using tolerable concentrations of isopsoralen, the hybridization efficiency of the modified amplicons should then be determined. Finally, the number of PCR cycles should be adjusted to bring the detection level back to the level that exists in the absence of the sterilization process. By following these steps, an effective and practical post-PCR sterilization protocol will emerge that eliminates the carryover problem associated with the PCR. The accompanying paper illustrates the design and refinement process of a post PCRamplification sterilization protocol for the detection of low copy numbers of a retroviral sequence in clinical samples (14) .
